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HIGHLIGHTS 


•  Formation  of  strontium  carbonate  on  the  LSM  surface  decreases  the  electrochemical  performance. 

•  LSM  cathode  performance  during  exposure  to  C02-air  shows  initial  degradation. 

•  LSM  cathode  activated  in  air  shows  subsequent  negligible  degradation  in  C02-air. 

•  Effect  of  C02  on  the  LSM  stability  is  less  pronounced  than  that  of  H20. 
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Strontium  doped  lanthanum  manganite  cathode  stability  in  0-10%  carbon  dioxide  containing  air  has 
been  studied  in  the  temperature  range  of  1023-1123  K  with  cathodic  biases  of  0  V  and  0.5  V.  The  current 
density  of  the  LSM  cathode  remains  stable  after  an  initial  decrease.  Surface  analyses  of  the  pre-test  and 
post-test  LSM  cathodes  using  Auger  electron  spectroscopy  (AES)  and  attenuated  total  reflectance-Fourier 
transform  infrared  spectroscopy  (ATR-FTIR)  techniques  suggest  that  the  formation  of  SrCC>3  at  the  LSM 
surface  leads  to  initial  performance  degradation.  Our  observations  also  indicate  that  C02  does  not  affect 
the  current  density  after  an  initial  LSM  activation  in  air.  Overall,  the  LSM  performance  degradation  in 
C02-containing  air  is  less  severe  than  in  humidified  air. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  flexibility,  high  efficiency,  and  negligible  emission  of  pol¬ 
lutants  make  solid  oxide  fuel  cell  (SOFC)  technology  viable  to 
address  energy  security  and  environmental  sustainability  1  . 
Despite  tremendous  progress  in  the  past  decades  [2,3  ,  SOFC  sys¬ 
tems  are  yet  to  fully  penetrate  commercial  markets  due  to  high  cost 
and  performance  degradation  over  the  entire  operational  period 
(-5000  h  for  auxiliary  power  applications  and  >40,000  h  for  large 
scale  stationary  applications).  The  relative  stability  of  the  compo¬ 
nent  materials  of  SOFC  systems  during  device  fabrication  and 
operation  determines  their  reliability  and  performance 
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degradation.  The  bulk,  interface,  and  surface  stability  of  the  SOFC 
cathodes  are  significant  contributors  to  the  performance  degrada¬ 
tion  [4,5]. 

Strontium  (20  mol%)  doped  lanthanum  manganite  (LSM)  has 
been  considered  as  the  state-of-the-art  cathode  for  an  SOFC  oper¬ 
ating  above  1073  K  due  to  the  desirable  thermo-physical  properties 
[6].  However,  the  LSM  cathode  suffers  degradation  under  opera¬ 
tional  conditions  due  to  aging  as  well  as  interaction  with  the  zir- 
conia  electrolyte  and  impurities  in  the  cathode  gas  atmosphere 
[7,8  .  Formation  of  electrochemically  insulating  La2Zr207  with 
exolution  of  Mn  from  LSM  lattice  is  commonly  observed  at  the 
interface  of  LSM  and  zirconia  electrolyte  [9-12  .  La2Zr207  at  the 
interface  decreases  the  electrochemically  active  (triple  phase 
boundary)  area.  The  nominal  intrinsic  impurities  in  cathode  gas 
include  -3%  H2O,  -400  ppm  CO2  [13  and  0.05-0.15  ppm  SO2  14]  in 
air.  Chromium  vapor  species  from  the  metallic  interconnects  and 
balance  of  plant  (BOP)  components  and  silicon  vapor  species  from 
sealing  materials  are  the  general  extrinsic  impurities  in  cathode  gas 
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stream  [12,15  .  The  chromium  vapor  species  randomly  deposit  as 
Q2O3  and  also  react  with  LSM  to  form  chromium  manganese  spinel 
preferably  at  electrochemically  active  sites  due  to  energetics  6,12]. 
Similarly,  vapor  species  from  sealing  material  can  also  deposit  as 
oxides  and  reacts  chromium  oxide  to  form  alkali  chromates  [6,15]. 
Besides  decrease  in  the  electrochemically  active  sites,  formation  of 
these  secondary  phases  also  changes  the  morphologies  and 
compositional  heterogeneity  in  the  cathode  and  the  interface. 
Moreover,  manganese  diffusion  into  the  zirconia  electrolyte  and  the 
thermal  expansion  mismatch  of  the  La2Zr20y  with  the  LSM  and 
zirconia  lead  to  poor  contact  between  electrolyte  and  cathode 
[8,10]. 

Cathode  performance  also  depends  on  the  oxygen  reduction  and 
transport  kinetics  at  the  cathode  surface  [16,17  .  The  oxygen 
reduction  reaction  (ORR)  at  the  LSM  involves  adsorption  of  oxygen 
molecules  at  surface  followed  by  desorption,  surface  diffusion  of 
oxygen,  and  ionization  of  oxygen  (charge  transfer)  [18  .  Insulating 
oxides  at  the  cathode  surface  block  active  ORR  sites  and  decrease 
the  oxygen  reduction  and  transport  kinetics.  Strontium  oxide 
phase,  the  inactive  sites  in  LSM  for  oxygen  reduction,  is  often 
observed  in  as-fabricated  perovskite  cathode  surface  due  to  surface 
energetics  [19,20  .  The  intrinsic  impurities  in  the  real  world  cath¬ 
ode  gas  stream  influences  the  ORR  by  favoring  SrO  segregation  and 
competing  with  the  oxygen  for  the  active  sites  for  oxygen  reduction 
as  well. 

The  presence  of  moisture  in  air  degrades  LSM  cathode  perfor¬ 
mance  by  favoring  segregation  of  SrO/Sr(OH)2  at  the  surface  and 
La2Zr207  formation  as  well  as  MnOx  and  La203  precipitation  at  the 
LSM-YSZ  interface  [21-23].  The  degradation  rate  increases  with 
cathodic  bias  and  moisture  content.  The  degradation  rate  is  higher 
at  1023  I<  compared  to  >1123  I<  operating  temperature  [23  .  The 
underlying  mechanisms  for  the  role  of  moisture  on  LSM  degrada¬ 
tion  have  been  documented  in  previous  studies  [11,21]. 

CO2  in  air  competes  with  O2  for  the  active  sites  for  ORR  24,25]. 
C02  tends  to  react  with  SrO  at  the  LSM  surface  to  form  SrC03  [26]. 
Recently,  it  has  been  shown  that  small  amount  of  CO2  (<0.05%)  in 
O2  slightly  decreases  LSM  performance  [24  .  Observable  change  in 
microstructure  and  electrochemical  performance  in  nominal  air 
containing  -400  ppm  CO2  would  require  long  operating  time. 
Therefore,  higher  concentrations  of  CO2  (0.5-10%)  in  air  are  used  in 
this  study  to  identify  LSM  cathode  degradation  and  subsequent 
microstructure  changes  within  a  reasonable  testing  period.  We 
have  systematically  investigated  the  role  of  CO2  in  air  on  the  LSM 
cathode  by  electrochemical  testing  as  well  as  post-test  analysis.  Our 
study  reveals  that  CO2  initially  degrades  the  LSM  performance 
followed  by  a  stable  performance. 

2.  Experimental 

2.1.  Materials  and  experimental  setup 

LSM  ((Lao.8Sro.2)o.98Mn03)  ink  and  YSZ  ((Y203)o.os(Zr02)o.92) 
electrolyte  (Fuel  Cell  Materials)  were  used  for  the  fabrication  of 
LSM/YSZ/LSM  symmetrical  cells.  The  LSM  electrodes  were  screen- 
printed  on  both  side  of  LSM  (thickness:  -17  pm,  diameter: 
1.0  cm).  Platinum  mesh  and  wires  (Alfa  Aesar,  wire  diameter: 
0.2  mm)  and  platinum  paste  (Engelhard)  were  used  as  electrode 
materials.  The  procedures  for  the  cell  fabrication  and  electro¬ 
chemical  testing  have  been  described  in  our  previous  study  [21  . 

As-fabricated  LSM/YSZ/LSM  cells  were  installed  in  a  tubular 
alumina  reaction  chamber  placed  in  the  middle  of  a  vertical  tube 
furnace.  The  leads  from  a  potentiostat  (VMP2,  Bio-Logic)  were 
connected  to  the  three  platinum  electrodes  of  the  symmetrical  cell. 
The  schematic  of  the  experimental  setup  for  electrochemical 
testing  is  shown  in  Fig.  1.  Dry  air  (CO2  <  1  ppm)  and  0.5-10%  CO2 


Fig.  1.  Schematic  for  the  experimental  setup  for  the  electrochemical  test. 


containing  dry  air  (certified  Airgas)  was  introduced  by  a  mass  flow 
controller.  For  long-term  stability  tests,  cells  were  tested  in  dry  air 
and  0.5-10%  C02-air,  at  1023-1123  K  temperature  range  in  0  V  and 
0.5  V  cathodic  biases  up  to  100  h. 

2.2.  Characterization 

A  multi-channel  potentiostat  (VMP2,  Bio-Logic)  was  used  to 
record  the  real-time  electrochemical  impedance  spectra  (EIS)  in  the 
frequency  range  from  0.5  Hz  to  200  kHz  with  15  mV  sinusoidal 
amplitude  at  an  interval  of  2  h. 

An  FEI  Quanta  250  FEG  scanning  electron  microscope  attached 
with  an  energy  dispersive  X-ray  spectroscope  (EDS)  was  used  for 
the  morphological  and  elemental  analyses.  Fourier  transform 
infrared  (FTIR)  spectra  of  standard  SrC03  power  (99.995%,  Aldrich) 
and  LSM  films  were  recorded  on  a  Nicole  iS50  FT-IR  spectrometer 
equipped  with  attenuated  total  reflectance  (ATR)  attachment, 
germanium  crystal,  and  dedicated  DLaTGS  detector.  Depth 
compositional  profile  analyses  were  performed  on  a  PHI  595  multi¬ 
probe  system  using  Auger  electron  spectroscopy  (AES).  A  thin  gold 
film  (-5  nm)  was  coated  on  LSM  surface  to  make  it  conductive.  Ion 
beam  sputtering  was  used  to  remove  materials  from  the  sample 
surface. 

Thermo-gravimetric  analyses  (TGA)  of  SrO  (99.5%),  La203 
(99.9%)  and  Mn02  (99.9%)(Alfa  Aesar)  were  performed  using  an 
NETZSCH  Jupiter  instrument  (STA  449  F3)  to  identify  the  plausible 
mechanisms  of  LSM  degradation  as  well  as  to  complement  the 
post- test  analytical  study.  These  oxides  were  pre-heated  at  1173  I< 
in  dry  air  to  remove  adsorbed  moisture,  if  any.  After  cooling  down 
to  room  temperature,  10%  C02-air  was  introduced  to  the  chamber 
and  the  samples  were  reheated  at  3  K  min”1  up  to  1173  K.  Finally, 
the  samples  were  cooled  down  to  room  temperature  in  10% 
C02-air.  The  post-test  samples  were  analyzed  using  a  Bruker  AXS 
D-8  Diffractometer  (XRD). 

3.  Results 

3.1.  Electrochemical  performance 

Fig.  2  shows  the  effect  of  CO2  concentration  on  the  electro¬ 
chemical  performance  of  the  LSM/YSZ/LSM  symmetric  cell  at 
1123  I<  under  a  cathodic  bias  of  0.5  V.  With  applying  a  bias  of  0.5  V, 
the  current  densities  of  these  symmetrical  cells  are  closed  to  those 
of  the  large-scale  SOFC  stacks  with  LSM  cathodes  (0.8-1.8  A  cm”2) 
[2].  In  3%  and  10%  C02-air,  the  current  density  initially  increases  for 
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Fig.  2.  I-t  plots  of  the  LSM/YSZ/LSM  cells  at  1123  K  and  0.5  V  bias.  A:  in  air  containing 
0-10%  C02  at  1123  K,  B:  activated  in  dry  air  and  subsequently  tested  in  10%  C02  -  air, 
comparing  to  10%  C02-air,  3%  C02-air,  3%  H20-air,  and  10%  H20-air.  I-t  plots  of  the 
LSM/YSZ/LSM  cells  in  H20-air  are  included  here  only  to  compare  with  the  perfor¬ 
mance  in  C02-air.  (The  LSM  degradation  data  in  3%  H20-air  and  10%  H20-air  are 
adapted  from  our  previous  study  (Ref.  [21])). 

-2  h  followed  by  decreasing  up  to  ~20  h  (inset  in  Fig.  2A)  and  then 
maintains  almost  a  constant  value  for  the  remaining  testing  period. 
Higher  the  concentration  of  CO2  in  air,  the  initial  change  in  current 
density  is  more  prominent.  The  initial  increase  in  current  density  is 
due  to  the  activation  process  similar  to  the  observation  for  the 
samples  tested  in  air.  It  is  observed  that  the  cathode  performance 
does  not  decrease  after  the  activation  process  for  the  cells  tested  in 
air  and/or  low  concentration  (<0.5%)  of  C02  in  air.  The  cathode 
performance  in  0.5%  C02-air  is  comparable  to  that  in  dry  air.  It  has 
also  been  noticed  that  the  decrease  in  current  density  is  negligible 
in  10%  C02-air  if  the  cell  is  already  activated  in  air  as  shown  in 
Fig.  2B.  The  cell  has  been  activated  in  dry  air  for  85  h  prior  to 
introduction  of  10%  C02-air.  The  cathode  performance  in  C02-air 
has  been  compared  with  that  in  H20-air  in  Fig.  2B.  After  the  initial 
change  within  20  h,  the  current  density  decreases  by 
-3.9  x  10~2  A  cm-2  in  10%  C02-air,  ~3.7  x  10~3  A  cm-2  in  3% 
C02-air,  -6.1  x  10-2  A  cm-2  in  3%  H20-air  and  -0.17  A  cm-2  in  10% 
H20-air.  The  performance  degradation  of  the  LSM  cathode  in 
H20-air  is  much  faster  than  in  the  air  containing  the  same  con¬ 
centration  of  C02. 

The  effect  of  the  operating  temperature  on  the  cathode  perfor¬ 
mance  has  been  examined  in  10%  C02-air  (Fig.  3)  under  0.5  V 
cathodic  bias.  An  increase  in  current  density  with  increase  in 
operating  temperature  is  attributed  to  increased  electrical  con¬ 
ductivities  of  YSZ  and  LSM.  After  the  initial  changes  observed 
within  the  first  20  h,  the  current  density  was  observed  to  (i)  remain 


Time  (h) 

Fig.  3.  I-t  plots  of  the  LSM/YSZ/LSM  cells  at  0.5  V  in  10%  C02-  air  in  different  oper¬ 
ating  temperatures. 

steady  at  1023  K,  (ii)  show  a  slight  increase  (4.4  x  10~2)  A  cm-2  at 
1073  I<  and  (iii)  a  reduction  (-3.9  x  10-2  A  cm-2)  at  1123  K. 

The  non-ohmic  and  ohmic  resistances  determined  from  the 
electrochemical  impedance  spectra  for  the  cells  tested  in  dry  air 
and  C02-air  is  plotted  as  a  function  of  time  in  Fig.  4.  When  LSM 
cathodes  were  polarized  with  a  bias  of  0.5  V  at  different  C02  con¬ 
centration,  the  non-ohmic  resistances  of  the  cathodes  in  C02  (3% 
and  0.5%)  -  air  initially  decreases  faster  than  that  in  10%  C02-air. 
Three  repeated  experiments  in  10%  C02-air  confirmed  the  same 
trend.  After  a  certain  testing  period  (40-80  h),  all  these  cells 
maintain  a  constant  non-ohmic  resistance.  The  time  to  reach  a 
constant  non-ohmic  resistance  increases  with  increase  in  C02 
concentration  in  air.  Compared  to  the  change  in  non-ohmic 


Fig.  4.  R—t  plots  of  LSM  cathode.  A:  non-ohmic  and  B:  ohmic  resistances  in  air  with 
different  C02  concentration  at  1123  K  and  0.5  V  bias. 
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resistance,  the  ohmic  resistance  of  the  same  cell  initially  decreases 
slightly  (Fig.  4B)  and  remains  unchanged  for  the  remaining  testing 
period.  Overall,  both  the  non-ohmic  and  ohmic  resistances  increase 
with  the  increasing  order  of  10%  C02-air  >  3%  C02-air  >  0.5% 
C02-air  >  dry  air. 

Operating  temperature  also  influences  the  ohmic  and  non- 
ohmic  resistances  of  a  cell  tested  in  10%  C02-air  as  shown  in 
Fig.  5.  After  an  initial  decrease,  a  continuous  increase  in  the  non- 
ohmic  resistance  with  time  at  1023  I<  and  1073  I<  was  observed.  A 
continuous  decrease  in  the  non-ohmic  resistance  has  been 
observed  during  the  first  70  h  followed  by  a  constant  value  for  the 
cells  tested  at  1123  K.  The  ohmic  resistances  of  the  cells  remain 
stable  in  all  the  studied  temperatures  but  initially  increased  at 
1073  K. 

3.2.  Post-test  characterization 
3.2 A.  SEM 

The  SEM  images  of  the  LSM  surfaces  of  the  cells  as-fabricated 
and  exposed  under  10%  C02-air  at  1023-1123  K  for  100  h 
without  applied  bias  are  shown  in  Fig.  6.  Segregated  particles, 
identified  as  SrO  in  our  earlier  work  [27],  are  observed  on  the  LSM 
surface  of  the  as-fabricated  cell.  After  exposed  in  10%  C02-air  for 
100  h  at  1023  K,  larger  particles  were  observed  (Fig.  6B)  on  the  LSM 
surface.  The  density  of  the  particles  at  the  LSM  surface  decreases 
with  increasing  temperatures  (1073  and  1123  I<).  At  1023  K,  the 
density  of  the  segregated  particles  is  comparable  for  the  biased  and 
unbiased  samples  (Fig.  6E). 

Fig.  7  shows  the  SEM  images  of  the  LSM  surfaces  for  the  post¬ 
test  samples  tested  in  0.5-10%  C02-air  at  1123  K  with  0.5  V 


Fig.  5.  R—t  plots  of  the  LSM  cathode:  non-ohmic  and  B:  ohmic  resistances  at  different 
operating  temperatures  at  10%  C02-air  and  0.5  V  bias. 


applied  bias.  The  density  of  particles  at  the  LSM  surface  increases 
with  increase  in  CO2  content  in  air.  It  is  noticed  by  comparing 
Figs.  6D  and  7F  that  the  density  of  the  particles  at  the  LSM  surface 
decreases  but  their  size  increases  with  an  applied  bias. 

3.2.2.  Auger  electron  spectroscopy 

The  elemental  composition  of  the  LSM  surface  and  the  subsur¬ 
face  of  the  tested  cells  was  analyzed  by  AES  technique  to  elucidate 
the  compositional  variation  from  the  surface  to  the  bulk.  Fig.  8 
shows  the  compositional  depth  profiles  for  the  samples  tested  at 
1023  K  in  10%  C02-air  with  applied  biases  of  0  V  and  0.5  V, 
respectively.  The  samples  exposed  to  10%  C02-air  at  1023  K  have 
been  considered  as  the  representative  sample  since  the  density  of 
particles  at  the  LSM  surface  is  the  highest.  The  compositional  depth 
profile  of  the  as-fabricated  cell  is  also  shown  in  Fig.  8A  as  a  baseline. 
For  the  as-fabricated  sample,  the  atomic  percentage  of  strontium 
and  carbon  is  higher  at  the  surface  indicating  the  presence  of 
strontium  carbonate  at  the  LSM  surface.  Relatively  lower  amount  of 
strontium  is  found  at  the  surface  for  the  samples  tested  with  0.5  V 
bias.  This  result  is  consistent  with  the  lower  density  of  surface 
particles  compare  to  those  for  the  samples  tested  with  0  V  bias 
(Figs.  6D  and  7F).  More  carbon  has  been  observed  for  the  biased 
samples  indicating  chemical  adsorption  on  the  oxygen  vacancies. 
The  increase  of  carbon  is  attributed  to  CO2  adsorption  and  disso¬ 
ciation  on  oxygen  vacancies  (see  discussion)  [27,28  .  Enrichment  of 
strontium  and  carbon  at  the  surface  indicates  the  presence  of 
strontium  carbonate  at  the  surface.  The  compositional  depth  profile 
shows  that  the  formed  carbonate  extends  to  few  nm  in  depth  in  the 
increasing  order  of  10%  C02-air  with  0.5  V  bias  >  10%  C02-air  with 
0  V  bias  >  as-fabricated. 

3.2.3.  ATR-FTIR  spectra 

Fig.  9  shows  the  ATR-FTIR  spectra  of  standard  SrC03  and  the 
post-reaction  LSM  cathodes  at  1123  I<  in  10%  C02-air  with  a 
cathodic  bias  of  0.5  V.  For  the  standard  SrC03  sample,  two  bands  at 
1430  and  855  cm'1  are  assigned  to  the  C=0  symmetric  stretching 
and  in-plane  bending  of  CO3-  respectively  [29].The  transmission 
bands  between  1350  and  1580  cm-1  are  the  diagnostics  of  car¬ 
bonate  minerals  [29].  For  the  LSM  cathode  sample  tested  at  0.5  V 
and  1123  K  in  10%  C02-air,  the  band  at  1430  cm-1  is  associated 
with  the  C=0  symmetric  stretching  of  SrC03  and  the  band  at 
1370  cm-1  is  attribute  to  unidentate  carbonate  formed  in  10% 
C02-air  at  a  high  temperature  of  1123  I<  [30  .  The  sharp  peaks  of 
SrC03  at  855  cm-1  is  in-plane  bending  of  CO3-  [29]  and  this  peak 
shifts  to  820  cm-1  for  the  SrC03  on  LSM  surface.  It  is  also  noted  that 
the  bands  at  1370  cm-1  and  820  cm-1  could  be  assigned  to 
lanthanum  dioxycarbonate  [31  .  The  presence  of  lanthanum  diox- 
ycarbonate  is  unlikely  since  an  Auger  electron  spectrum  (Fig.  8C) 
does  not  show  lanthanum  enrichment  at  the  LSM  surface. 

3.2.4.  Thermogravimetric  analysis 

Thermogravimetric  analyses  of  the  LSM  and  its  constituent  ox¬ 
ides  were  carried  out  to  develop  the  mechanisms  for  the  interaction 
of  LSM  with  air  and  related  effect  on  the  electrochemical  perfor¬ 
mance.  SrO,  La203,  Mn02,  and  LSM  powders  were  heated  in  dry  air 
and  their  weight  loss  is  shown  in  Fig.  10A.  As  received  SrO  and 
La203  samples  form  metal  hydroxides  (Sr(OFl)2  and  La(OFl)3)  in  the 
presence  of  moisture  in  the  atmospheric  air.  On  heating  at  1173  K  in 
dry  air,  these  hydroxides  convert  into  SrO  and  La203  [32]  resulting 
in  weight  loss  as  shown  in  Fig.  10A.  Mn02  is  converted  to  Mn304  at 
823  I<  in  dry  air  accompanied  with  a  weight  loss  due  to  loss  of 
lattice  oxygen  33].  The  weight  loss  of  the  LSM  sample  is  due  to  loss 
of  adsorbed  water.  After  cooled  down  to  room  temperature,  the 
oxides  were  exposed  to  10%  C02-air. 
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Fig.  6.  SEM  images  of  the  post-test  LSM  cathodes  in  10%  C02-air  at  different  temperatures.  A:  as-fabricated  LSM  in  atmospheric  air  at  1473  K  for  2  h;  B,  C,  and  D:  exposed  at  1023  K, 
1073  K,  and  1123  K  respectively,  100  h,  no  bias,  E:  LSM  cathode  at  1023  K  with  a  bias  of  0.5  V  for  100  h. 


After  these  samples  were  exposed  to  10%  C02-air  at  high  tem¬ 
peratures,  SrO  started  to  continuously  gain  weight  from  -873  K  to 
1173  I<;  La203  started  to  gain  weight  from  823  K,  maintained  a 
constant  weight  between  923  and  1023  K,  and  then  lost  weight  up 
to  1073  I<  [Fig.  10B].  The  weight  of  LSM  and  Mn203  remained 
constant  when  heated  from  298  to  1173  I<  in  10%  C02-air  [Fig.  10B]. 

The  XRD  patterns  (Fig.  11)  of  these  post-test  samples  show  that 
SrO  and  La203  was  converted  to  SrC03  and  La202C03  in  10% 
C02-air,  respectively.  La203  was  also  heated  at  1173  K  for  1  h  in  dry 
air  before  introducing  10%  C02-air.  Comparing  the  XRD  patterns  of 
the  pretest  and  post-test  La203,  some  characteristic  peaks  of  La203 
disappeared  with  the  remaining  peaks  matching  the  pattern  of 
La202C03.  La202C03  observed  in  the  post-test  sample  of  TGA 
formed  during  cooling  in  10%  C02-air.  La202C03  decomposes  at 
1073  I<  in  10%  C02-air  (this  study)  while  it  decomposes  at  1233  I< 
and  forms  during  cooling  at  1093  K  in  pure  C02  gas  as  reported  by 
Bakiz  et  al.  [34]. 

4.  Discussion 

The  LSM  cathode  performance  decreases  with  increase  in  C02 
concentration  in  air  during  the  initial  testing  period  (-20  h)  and 


then  remains  stable.  In  presence  of  C02  in  air,  the  LSM  cathode 
performance  is  much  lower  at  1023  K  than  those  at  1073  K  and 
1123  K.  Another  notable  observation  is  that  the  change  in  cathode 
performance  mostly  takes  place  in  the  initial  testing  period.  These 
observations  are  explained  below. 

SrO  segregation  is  often  observed  in  LSM  surface  due  to  surface 
energetics  [27,35  .  C02  reacts  with  SrO  and  forms  SrC03.  The  Gibbs 
free  energies  for  the  formation  of  the  strontium  carbonate 
(AGSrCo3)  and  lanthanum  dioxycarbonate  carbonates  (AGLa2o2co3) 
have  been  calculated  according  to  the  following  reactions  and 
shown  in  Table  1  at  different  C02  concentrations  and  temperatures 
[35]. 

Sr0(s)  +  C02(g)~SrC03(s)  (1) 

and 

La203(s)  +  C02(g)-La202C03  (2) 

The  formation  of  manganese  carbonate  is  not  thermodynami¬ 
cally  favorable.  As  seen  from  Table  1,  both  the  strontium  carbonate 
and  lanthanum  dioxycarbonate  is  stable  even  at  room  temperature. 
It  is  also  noticed  that  the  carbonates  do  not  remain  stable  above 
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Fig.  7.  SEM  images  of  the  post-test  LSM  cathodes  at  0.5  V  bias  and  1123  K  in  air  containing  0.5-10%  C02.  A/and  B:  0.5%  C02-air,  C  and  D:  3%  C02-air,  E  and  F:  10%  C02-air. 


1000  K  in  atmospheric  air  (-400  ppm  CO2).  TGA  analysis  shows  that 
lanthanum  carbonate  dissociates  at  -1073  I<  while  strontium  car¬ 
bonate  remains  stable  in  the  studied  temperatures,  consistent  with 
the  formation  energies  at  10%  C02-air.  The  decomposition  tem¬ 
perature  of  SrC03  in  1  atm  C02  is  1426  I<  as  calculated  from  Barin 
et  al.  [36  ,  while  Murthy  et  al.  [37]  observed  1533  K  in  their  TGA 
study. 

Along  with  SrC03,  lanthanum  carbonate  is  likely  to  be  present  at 
the  LSM  surface  for  1023  I<  testing  temperature  resulting  in  lower 
performance  than  at  the  higher  temperatures.  As  a  result,  the 
density  of  particles  at  the  LSM  surface  decreases  with  temperature 
increase  (Fig.  6).  In  addition  to  the  higher  density  of  carbonates,  the 
lower  electrical  conductivities  of  LSM  and  YSZ  at  <1073  K 
contribute  for  the  lower  performance  at  1023  K. 

The  underlying  mechanisms  for  the  LSM  cathode  performance 
during  the  initial  testing  period  are  proposed  from  the  experi¬ 
mental  observations.  The  proposed  mechanisms  are  shown  sche¬ 
matically  in  Fig.  12.  SrO  in  the  LSM  surface  reacts  with  C02  to  form 
SrC03.  Formation  of  SrCC>3  is  thermodynamically  driven  as  sup¬ 
ported  by  its  presence  in  the  as-fabricated  LSM  cathodes  and 
increased  SrC03  with  C02  concentration  in  air. 


Observation  I:  The  electrochemical  performance  of  LSM  cathode 
initially  increases  in  C02-air. 

It  is  known  that  the  LSM  surface  is  SrO  enriched  [38].  The 
change  in  cathode  performance  during  initial  testing  in  C02-air 
can  be  explained  similarly  as  LSM  activation  mechanism  in  dry  air. 
With  cathodic  bias  (0.5  V),  SrO  incorporates  into  the  LSM  lattice 
[20,39]  and  oxygen  vacancies  form  at  the  LSM  according  to 


^La,LSM  +  SrO  +  3MnMn  SM  +  e'  Sr'La  LSM  +  O*  Ysz  +  3Mnjy[n  LSM 

(3) 


Oq,lsm  +  2Mn^nLSM  +  V0  ysz  +  2e'<-»V0jLSM  +  2Mn/MnLSM 


+  0 


X 

0,YSZ 


Where  VLa  LSM,  MnMn  LSM  ,  and  Mn^n  LSM  ,  and  Sr'La  LSM  repre¬ 
sent  cation  vacancies,  Mn4+  and  Mn3+  ions,  and  strontium  on 
lanthanum  sites  in  LSM  lattice,  respectively.  VqYSZ,  VqLSM,  and 
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Fig.  8.  AES  depth  compositional  profiles  of  pretest  and  post-test  LSM  cathodes.  A: 
pretest  LSM  sintered  in  air  for  2  h  at  1473  K,  B:  LSM  (no  bias),  C:  LSM  (bias:  0.5  V) 
exposed  in  10%  C02-air  at  1023  K  for  100  h. 


Oq  ysz  represent  oxygen  vacancies  in  YSZ  and  LSM  lattice  and  ox¬ 
ygen  in  YSZ  lattice  oxygen  sites,  respectively. 

CO2  competes  with  O2  in  air  in  a  similar  manner  for  dissociative 
adsorption  at  the  oxygen  vacancy  sites  as  reported  for  LSCF  and 
Lao.2Sro.8Tio.9Mno.i03+(5  samples  [39,40  .  Enhanced  surface  ex¬ 
change  and  oxygen  diffusivity  has  been  identified  in  LSCF  cathode 
in  presence  of  CO2  and  H2O  in  air  39  .  The  competing  nature  of  CO2 
adsorption  with  O2  has  also  been  observed  for  LSM  cathode  [24]. 
Accordingly,  the  C02  may  also  enhance  the  dissociative  adsorption 
similar  to  that  of  LSCF.  As  a  result,  the  electrochemical  performance 


Fig.  9.  ATR-FTIR  spectra  of  standard  SrC03  and  post-reaction  LSM  cathodes  (at  1123  K 
in  10%  C02-air  with  0.5  V  cathodic  bias). 

initially  increases.  Higher  concentration  of  carbon,  but  not  stron¬ 
tium,  in  the  AES  depth  compositional  profile  the  biased  sample 
than  those  for  the  unbiased  samples  (Fig.  8),  supports  the  adsorp¬ 
tion  of  CO2  at  oxygen  vacancy  sites. 

Observation  II:  The  electrochemical  performance  of  LSM  de¬ 
creases  after  initial  activation  and  remains  unchanged  for  the 
remaining  test  period. 

The  cathode  performance  largely  depends  on  the  oxygen 
reduction  rate  which  is  significant  at  the  topmost  layer  of  the  LSM 


Fig.  10.  TGA  graph  of  LSM  and  its  precursor  oxides  exposed  in  dry  air  (A)  and  then  in 
10%  C02-air  (B). 
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Fig.  11.  XRD  patterns  of  pre-test  and  post-test  La203  and  SrO  in  TGA. 


surface.  SrO  at  the  surface  reacts  with  CO2  to  form  SrC03  simulta¬ 
neously  with  the  CO2  adsorption  at  oxygen  vacancies.  SrC03  at  the 
surface  may  block  oxygen  adsorption  sites  and  subsequent 
desorption,  decreasing  the  cathode  performance. 

Once  the  SrO  at  the  surface  is  completely  incorporated  into  the 
LSM  lattice  during  activation  stage,  no  more  SrC03  may  form  at  the 


surface  to  block  sites  for  oxygen  reduction  reaction.  As  a  result,  the 
performance  does  not  degrade  further  with  time. 

Observation  III :  The  electrochemical  performance  of  LSM  does 
not  decrease  in  C02-air  for  the  samples  pre-activated  in  air 

(Fig.  2B). 


Table  1 

Gibbs  free  energy  of  strontium  carbonate  (SrC03)  and  lanthanum  dioxycarbonate  (La202C03)  formation. 


Temperature  (K) 

298 

400 

600 

800 

900 

1000 

1100 

1200 

AGSrCo3  (kj  mol"1) 

-189.2 

-171.7 

-137.9 

-104.6 

-88.2 

-71.9 

-55.9 

-40.1 

ACSrCo3(kJ  mol-1) 

-183.5 

-164.0 

-126.4 

-89.3 

-71.0 

-52.8 

-34.9 

-17.1 

AGSrCo3  (kj  mol-1) 

-163.0 

-136.5 

-85.1 

-30.4 

-8.9 

16.2 

41.0 

65.6 

AGLa2o2co3  (kj  mol-1) 

-147.3 

-130.0 

-96.4 

-63.6 

-47.4 

-31.6 

-15.9 

-0.5 

ACLa2o2co3  (kj  mol-1) 

-141.6 

-122.4 

-84.9 

-48.3 

-30.2 

-12.5 

5.1 

22.5 

ACLa2o2co3  (kj  mol-1) 

-121.1 

-94.8 

-43.6 

6.8 

31.9 

56.5 

81.0 

105.2 

For  1  atm  pure  C02,  AGsrco3  was  calculated  by  HSC  Chemistry  6.0.  AGLa2o2co3  data  are  adapted  from  Ref.  [35].  For  the  data  of  b  and  c,  they  are  calculated  based  on  equation: 
AG  =  -RTln  Pi /Pi  atm.  Where  R  is  the  ideal  gas  constant  =  8.314  J  mol-1.  K-1,  T  is  the  absolute  temperature  (K),  Pi  is  the  partial  pressure  of  C02  in  the  gas,  and  AG  is  the  Gibbs 
free  energy  change. 
a  In  1  atm  pure  C02. 
b  In  10%  C02— air. 
c  In  400  ppm  C02-air. 
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Bias 


C02  /  air 


Bias 


C02/  air 


SrCO 


CO 
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Fig.  12.  Schematic  of  the  mechanisms  of  C02  interaction  with  LSM  and  related  electrochemical  performance.  A:  as-fabricated  LSM  cathode;  B:  partial  incorporation  of  SrO  into  the 
LSM  lattice  and  formation  SrC03  at  the  LSM  surface;  limited  activation  and  performance  degradation,  C:  increased  SrC03  on  the  surface  and  subsequent  performance  degradation; 
D:  SrO  incorporation  into  the  LSM  lattice;  LSM  activation  in  dry  air.  E:  No  more  SrC03  formation  at  the  LSM  surface  due  to  absence  of  SrO;  stable  electrochemical  performance. 


After  the  activation  of  LSM  in  air  for  85  h,  the  SrC03  content  will 
not  increase  due  to  absence  of  SrO  at  the  LSM  surface.  As  a  result, 
the  electrochemical  performance  does  not  decrease. 

5.  Conclusions 

Role  of  carbon  dioxide  on  the  lanthanum  strontium  manganite 
(LSM)  cathode  performance  has  been  investigated  in  the  temper¬ 
ature  range  of  1023-1123  I<  with  0  V  and  0.5  V  cathodic  bias.  The 
degradation  in  the  electrochemical  performance  of  the  LSM  cath¬ 
ode  is  negligible  after  initial  operation  period  of  ~20  h.  The  for¬ 
mation  of  SrC03  at  the  LSM  surface  is  responsible  for  the  initial 
stage  degradation  in  CO2  containing  air.  This  study  shows  that  the 
presence  of  CO2  in  air  does  not  affect  the  electrochemical  perfor¬ 
mance  of  the  LSM  cathode  pre-activated  in  air  for  85  h.  A  mecha¬ 
nism  has  been  developed  to  support  the  experimental 
observations. 
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